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Phenotypic plasticity refers to the ability of an organism to
adopt different phenotypes depending on environmental
conditions. In animals and plants, the progression of juve-
nile development and the formation of dormant stages are
often associated with phenotypic plasticity, indicating the
importance of phenotypic plasticity for life-history theory.
Phenotypic plasticity has long been emphasized as a
crucial principle in ecology and as facilitator of phenotypic
evolution. In nematodes, several examples of phenotypic
plasticity have been studied at the genetic and develop-
mental level. In addition, the influence of different environ-
mental factors has been investigated under laboratory
conditions. These studies have provided detailed insight
into the molecular basis of phenotypic plasticity and
its ecological and evolutionary implications. Here, we
review recent studies on the formation of dauer larvae in
Caenorhabditis elegans, the evolution of nematode para-
sitism and the generation of a novel feeding trait in
Pristionchuspacificus. Theseexamples reveal a conserved
and co-opted role of an endocrine signaling module
involving the steroid hormone dafachronic acid. We will
discuss how hormone signalingmight facilitate life-history
and morphological evolution.
Introduction
Life-history theory is concerned with the duration and order
of key events in an organism’s life, such as juvenile develop-
ment, sexual maturity or the formation of dormant stages.
The formation of dormant stages represents a crucial sur-
vival strategy in all domains of life, such as spore formation
in bacteria and fungi, certain types of seed dormancy in
plants or arrested, alternative life cycles in animals. Common
to these examples is the phenomenon of phenotypic plas-
ticity (often called polyphenism). Phenotypic plasticity is
defined as an organism’s ability to adopt two ormore pheno-
types depending on the environmental conditions. It has
long been proposed as a key concept in ecology and evolu-
tionary biology because it allows the organism to react to
changing environmental conditions and it might serve as a
facilitator in the evolution of morphological novelties (re-
viewed in [1,2]). Thus, phenotypic plasticity might play a
major role in the control of the life history of multicellular
organisms.
Phenotypic plasticity is known at the level of single mor-
phological traits, such as wing morphs of butterflies or the
size and form of sexually dimorphic horns in beetles [3,4],
or it can affect the life history of the organism. Examples
for the latter include different castes in hymenopterans,
alternate generations of aphids with different morphological
and physiological characters or alternative life cycles inMax-Planck-Institute for Developmental Biology, Department for
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and in numerous others phenotypic plasticity has immediate
consequences on fitness and survival of the individual, some
cases of phenotypic plasticity are also of evolutionary impor-
tance. The caste system in hymenoptera, for example, is the
basis for the evolution of sociality, indicating the unique
power of phenotypic plasticity for ecology and evolution.
Here, we review phenotypic plasticity in model nema-
todes. Nematodes form the largest phylum of the animal
kingdom with an estimated number of 1 to 10 million spe-
cies [7]. Nematodes can be found in all ecosystems:
free-living species in marine, freshwater and terrestrial envi-
ronments, as well as parasitic nematodes in plants, animals
and humans [8]. In some environments, nematodes can
reach enormous population densities [9]. Thus, species
richness, ecological omnipresence and numerical abun-
dance best characterize nematodes and their importance
in biology.
Over the last decades, the nematode Caenorhabditis
elegans has been developed as a key model organism for
studies in many areas of basic and applied biology [10].
Genetic and molecular studies in C. elegans have revealed
important principles of development, neurobiology, longev-
ity or metabolic homeostasis and provided the basis for a
mechanistic understanding of biological processes. During
the last two decades, some other nematodes have been
established as model systems in evolutionary biology,
among them Pristionchus pacificus as a satellite model in
evolutionary developmental biology (evo-devo) and evolu-
tionary ecology, as well as several animal and plant para-
sites [11].
Here, we present an overview of the genetic andmolecular
aspects of phenotypic plasticity in nematodes. In particular,
we describe studies on dauer formation in C. elegans, and
the evolution of parasitism and the origin of a novel feeding
structure in P. pacificus. These studies have identified the
conservation and co-option of an endocrine signaling
pathway involving the nuclear hormone receptor DAF-12
and the steroid hormone dafachronic acid (DA) as a recurrent
theme. We will discuss how hormone signaling might facili-
tate phenotypic evolution.
Dauer Larvae as a Survival Strategy
Although nematodes occupy a wide range of ecological
niches, their basic life cycle is quite conserved. After
hatching from the egg, nematodes undergo considerable
growth during larval development. All species have four juve-
nile (larval) stages, which are separated by molts and which
are called J1–J4 or L1–L4. The final molt results in adult
animals. Depending on the species, the adults are either
females, males, or self-fertilizing hermaphrodites. Figure 1
shows one of the simplest direct nematode life cycles, that
of the bacterial feeder C. elegans (Figure 1). Under optimal
growth conditions in the laboratory with an ample supply
of bacterial food, C. elegans can complete its life cycle in
three days at 20C. Parasitic nematodes often have more
complex life cycles, which are considered modifications of
the basic pattern observed in free-living species and will be
discussed below.
Figure 1. Life cycle of C. elegans as an
example of phenotypic plasticity in life-history
adaptations.
C. elegans has a simple life cycle that can be
completed in three days in the laboratory
with a sufficient food supply and a temper-
ature of 20C. The self-fertilizing hermaphro-
dite lays eggs, which hatch into an L1 larva.
The four larval stages are separated by molts.
Larval growth is primarily due to the enor-
mous increase in the reproductive organ, the
gonad. Adults can lay more than 200 eggs
and can live for several weeks. When condi-
tions become harsh, animals will redirect their
development and form an arrested dauer
larva, an alternative L3 stage.
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are unlike those in the natural environ-
ment. To survive adverse conditions
for longer periods of time, some groups
of nematodes have evolved an effective
survival strategy: they form robust
dauer larvae—aspecialized larvalstage
that is resistant to various environ-
mental stresses (Figure 1). The earliest
descriptions of dauer larvae were
made in species closely associated with beetles about
a century ago [12,13]. Subsequently, dauer and dauer-like
larvae were described in many other species, including dis-
tantly related free-living and parasitic nematodes [8]. In most
cases, dauer larvae are formed as an alternative to the third
larval stage (Figure 1). InC. elegans, for example, the L2 larvae
can either develop into dauer third stage larvae (DL3) special-
ized for survival and dispersal, or the direct third stage larvae
(L3), which develop directly into the reproductive adult stage.
The facultative nature of dauer formation enables a boom-
and-bust lifestyle with nematodes reproducing as much as
possible while food is available, whereas they form arrested
dauer larvae after it is depleted. Besides survival, dauer
larvae are specifically adapted for dispersal, enhancing the
chances of finding a new food source (see below). The forma-
tion of dauer larvae under unfavorable environmental condi-
tions represents a prime example of phenotypic plasticity.
The genetic and molecular basis of phenotypic plasticity has
been studied extensively in C. elegans (see below).
Obviously, the decision of whether or not to enter the
dauer stage is of critical importance for fitness because an
erroneous decision could result in fewer progeny or prema-
ture death. In C. elegans, dauer formation is activated by at
least three environmental cues — starvation, high tempera-
ture, and high population density [14–17]. When worms
receive these signals, they redirect their development in
the second larval stage and enter into the dauer stage. In
the dauer stage, larval development is arrested and worms
stop feeding [14]. Dauer larvae can survive without feeding
for several months [18].
When worms receive environmental signals indicating
plentiful conditions, they resume development and proceed
to the reproductive adult stage [14,16,17]. The adults
emerging from the dauer stage have comparable life spans
to the adults that have developed directly from L3, irrespec-
tive of how much time they spent in the dauer stage. This
indicates that dauer larvae are non-ageing [18]. In addition,dauer larvae are resistant to environmental stresses that
include high temperature, osmotic stress, desiccation, and
oxygen deprivation [14,19].
To ensure survival and dispersal, dauer larvae show
morphological, physiological and behavioral adaptations
that are not observed in any other stages [8,14,15]. Morpho-
logical features specific for the dauer stage include a closed
mouth, a remodeled pharynx and a thicker cuticle (Figure 2).
These features render dauer larvae independent of food and
more protected [14]. After molting, dauer larvae undergo
radial shrinkage and become thinner than other stages.
This feature perhaps makes dauers more resistant to
hypoxic conditions as the increased surface-to-volume ratio
would allow for increased gas exchange through the cuticle.
As dauer larvae can live without feeding for long periods,
the metabolic basis of dauer stages has been one focus of
research. In C. elegans, the dauer metabolism is character-
ized by a lower specific activity of enzymes involved in the
citric acid cycle, glycolytic pathway and glyoxylate cycle,
suggesting a reduced consumption of energy in the dauer
stage [20,21]. The few enzymes that are up-regulated in the
dauer stage include several acyl-CoA synthetases required
for b-oxidation of fatty acids, which underlines the impor-
tance of lipids as energy source [20]. Indeed, dauer larvae
of C. elegans andmany other species contain large amounts
of lipids in the intestine and hypodermis that are accumu-
lated prior to dauer entry (Figure 2). Although several other
differences, including enzymatic activity, transcript level,
and 31P NMR spectra, have been found [20–24], the precise
nature of dauer physiology is still not very well understood.
Dauer larvae show two behaviors not seen in other stages:
lethargy and host seeking.C. elegans dauer larvae often stay
lethargic compared to other larval stages that continuously
move to seek food. However, C. elegans dauer larvae still
quickly respond to touch by moving away [14]. One inter-
esting behavior observed in dauer and dauer-like larvae
in many host-associated nematode species is known as
Figure 2. Morphological similarities between dauer larvae of free-living
nematodes and infective juveniles of parasitic nematodes.
The dauer larva of P. pacificus (top) and the infective juvenile of the
parasitic species S. papilossus (bottom) show striking similarities in
morphology.
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hosts, dauer larvae stand upright on the tip of the tail and
wave their body [8]. The nictation behaviour of dauer larvae
is related to other foraging strategies found in parasitic and
entomopathogenic nematodes [25]. The neuronal and
genetic basis underlying the altered behaviors in the dauer
and dauer-like stages is very poorly understood.
Dauer formation represents themost important life-history
adaptation for survival in unfavorable conditions in free-
living rhabditid nematodes, such asC. elegans. Nonetheless,
there are additional, less well-studied survival strategies,
which the organism can use when the environment turns
unfavorable at another stage of the individual’s life cycle. In
C. elegans, recent studies have demonstrated reproductive
arrest in adults, which involves the reprogramming of parts
of the germline [26]. Another study has identified an L1 arrest
[27]. Together, L1 arrest, dauer formation and reproductive
arrest span the complete C. elegans life cycle, demon-
strating the enormous flexibility of nematodes to respond
to changing environmental conditions and pointing to the
general importance of phenotypic plasticity in this success-
ful animal phylum.
Mechanisms of Dauer Formation
Among many aspects of dauer biology, the genetic mecha-
nisms regulating the entry into the dauer stage have been
most extensively studied, mainly in C. elegans. A compre-
hensive review of all the numerous molecules involved in
dauer formation is beyond our scope. Here, we focus on
the ones that are ecologically important and are relevant to
our later discussions. For more comprehensive reviews,
see [15,28].
C. elegans decides whether to go into the dauer stage
based on inputs from sensory neurons [29]. Therefore, muta-
tions affecting the structure and function of these neurons
often result in abnormal dauer formation [30,31]. Amongthe environmental cues known to regulate dauer formation,
population density cues have beenmost extensively studied.
It was already suggested in 1982 that C. elegans constitu-
tively secretes water soluble substances that act as dauer
pheromone [16]. When population density becomes high,
the environmental concentration of the pheromone also
increases, which triggers dauer formation. It was only re-
cently discovered, however, that the dauer-inducing activity
secreted into the culture medium of C. elegans is attributed
to a class of glycosides called ascarosides [32–35].
Ascarosides contain a dideoxyhexose (ascarylose) as
the sugar moiety (Figure 3A). The aglycon part varies tre-
mendously but only a subset of side chains can endow
the ascaroside with C. elegans dauer pheromone activity.
Ascarosides with other side chains are known to act as
C. elegans mating pheromone or as structural components
in other nematodes [35,36]. Although there are two enzymes
known to be involved in the biosynthesis of dauer phero-
mone, both of which are components of the peroxisomal
b-oxidation pathway [37], the complete picture of dauer
pheromone biosynthesis has still not been elucidated. So
far, there are two G-protein coupled receptors, srbc-64 and
srbc-66, that are proposed to act as dauer pheromone
receptors [38]. However, a strain carrying a null mutation in
both of these receptor genes still responds to the phero-
mone, suggesting that there are as yet unidentified phero-
mone receptors. The nematode dauer pheromone appears
to evolve relatively rapidly. For example, P. pacificus utilizes
dauer pheromones which are chemically distinct from
C. elegans [39,40].
The sensory information indicating harsh environmental
conditions is transmitted through several signaling pathways
that include the TGF-b and insulin/IGF pathways [41–46].
Mutations in components of these signaling pathways result
in either the ‘dauer formation defective’ (Daf-d) phenotype
with worms not entering the dauer stage even if environ-
mental conditions are harsh, or the ‘dauer formation consti-
tutive’ (Daf-c) phenotype with worms forming dauers even
under plentiful conditions [47]. Ligands for the TGF-b and
insulin/IGF pathways are expressed in sensory neurons
known to be involved in the suppression of dauer formation
under favorable conditions, in order to promote reproductive
development. Under dauer-inducing conditions, expression
of these ligands is repressed, thereby specifying the dauer
fate [44,48]. In the TGF-b pathway, several kinase-linked
transmembrane receptors and SMAD transcription factors
are involved in signal transduction [15,44–46,49,50]. In the
insulin/IGF pathway, a cascade of phosphorylation events
emanating from the DAF-2 insulin/IGF receptor transmits
the signal, which culminates in regulation of the FOXO tran-
scription factor DAF-16 [41,43,48,51–56].
DAF-16 is directly regulated via phosphorylation by Akt
kinases as is the case in its human homologue AFX [57]. In
the presence of incoming signals, DAF-16 is phosphorylated,
which prevents the transcription factor from entering the
nucleus. Downregulation of insulin signaling results in the
accumulation of unphosphorylated DAF-16, which is trans-
ported into the nucleus and executes the transcriptional
regulation required for dauer formation [55,58,59]. Mutations
in daf-16 result in a Daf-d phenotype that cannot be fully sup-
pressed by other genetic and environmental manipulations,
suggesting that active DAF-16 is essential for part of dauer
morphogenesis [51,60,61]. Mutations in components of the
DAF-2 pathway result in a Daf-c phenotype with extended
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Figure 3. Small molecules and their role in the
regulation of C. elegans dauer formation.
The control of dauer formation in C. elegans
involves two classes of small chemicals. (A)
Structures of ascarosides that function as
dauer pheromone inC. elegans. (B) Structures
of two bile acid-like steroids, D-4 and D-7
dafachronic acid, that function as conserved
hormones in dauer regulation in C. elegans
and P. pacificus, as well as in the control
of infective juvenile formation in various
parasites.
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tance in the adult stage [62–64]. Like
the Daf-c phenotype caused by these
mutations, the other known longevity
phenotypes are suppressed by intro-
ducing mutations in daf-16 [51,64]. It
is currently unknown if the regulation
of dauer development or of longevity
represent the ancestral function of
insulin signaling in nematodes.
Other major components of dauer
regulation include the steroid hormone
DA and its receptor DAF-12. Steroid
hormone regulation of dauer formation
was first postulated by Antebi and colleagues [65,66] and
later confirmed by Mangelsdorf and colleagues [67]. These
discoveries represented a major breakthrough in nematode
endocrinology. So far, two DA ligands have been identified
in C. elegans, namely, D-4 and D-7 DA [67]. They are both
bile acid-like molecules containing a 3-keto sterol ring and
a carboxylic acid moiety (Figure 3B). The nuclear hormone
receptor DAF-12 serves as their receptor [65]. As other
nuclear hormone receptors, DAF-12 has a zinc-finger
DNA-binding domain and a ligand-binding domain. The
transcriptional activity of DAF-12 is regulated by the
binding of DA to the ligand-binding domain. Mutations
in daf-12 result in strong Daf-d phenotypes and can sup-
press daf-c mutations in TGF-b, insulin and other signaling
pathways [61,65,68,69], suggesting that the endocrine
machinery is one of their ultimate targets. Similarly, admin-
istration of DA ligands can suppress daf-c mutations
[67,70,71], suggesting that DA inhibits the dauer fate spec-
ification by DAF-12. DAF-12 is widely expressed in tissues
of C. elegans larvae and is likely to specify the fate of indi-
vidual cells [65].
Biosynthesis of DA ligands depends on external steroid
sources because nematodes cannot produce a sterol back-
bone de novo [60]. DA synthesis appears to require several
steroidogenic enzymes as well as steroid binding proteins
[67,72–78]. Among these, a cytochrome P450 protein,
DAF-9, is best-characterized [67,76–78]. Mutations in daf-9
are among the earliest Daf mutations obtained [79] and
result in the constitutive formation of morphologically aber-
rant dauer larvae. Later, it was biochemically demonstrated
that DAF-9 mediates oxidation of the C-26 position in the
sterol backbone, thereby converting the neutral substrate
into carboxylic acid [67]. Although several other enzymes
have been proposed as catalysts for some of the other
steps in DA synthesis [73–75], the precise biochemical
reactions that these enzymes catalyze are still unknown.Taken together, the molecular details of C. elegans dauer
formation that have been identified during the last two
decadesmake it one of the best studied cases of phenotypic
plasticity in the animal kingdom. Current understanding
suggests the following model (Figure 4): environmental
cues indicating harsh conditions are perceived by sensory
neurons, which transmit the signal by the down-regulation
of the TGF-b and insulin/IGF pathways, which in turn lowers
the concentration of DA hormones. This shifts the DAF-12
molecule from its DA-bound form to its DA-free form, which
is required to specify the dauer fate. In addition, some of the
morphogenetic processes might be directly mediated by
DAF-16, which is activated by the down-regulation of the
insulin/IGF signaling pathway. Still unanswered questions
include the mechanisms by which these signaling pathways
crosstalk to each other, the identification of enzymes
involved in some of the steps in DA biosynthesis, and how
in the course of evolution this signaling network has been
adapted to the different ecological niches that nematode
species occupy.
Dauer Larvae as Life-History Adaptations
Although the formation of dauer larvae is known from many,
but not all, free-living nematodes, it is interesting to note
that there are many terrestrial nematodes, including
Caenorhabditis and Pristionchus, that are predominantly
found as dauer stages in the wild [80,81]. Thus, in some
species worms appear to spend most of their life in the
arrested dauer stage until they find a food source enabling
reproduction. In the following, we will discuss the second
major function of dauer larvae — dispersal and transporta-
tion between habitats — and provide an example that
illustrates the ecological importance of nematode dauers
and phenotypic plasticity.
Many free-living nematodes live in a saprobiontic envi-
ronment of decaying matter [82]. Usually, saprobiontic
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Figure 4. Model of signaling pathways
controlling the dauer stage.
A network of signaling processes regulates
dauer formation inC. eleganswith small mole-
cules playing important roles. The ‘dauer
pheromone’ is a blend of glycosides (ascaro-
sides) indicating the population density of
worms. Downstream of insulin and TGF-beta
signaling, sterol-derived dafachronic acid
hormones interact with the nuclear hormone
receptor DAF-12 to determine non-dauer
development. After depletion of the hormone,
DAF-12 acts as a switch and regulates dauer
entry.
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This is why a stage in the nematode life cycle that facilitates
dispersal is likely to represent a major selective advantage.
Arrested dauer larvae have acquired the ability to attach
themselves to insects or other invertebrates for transporta-
tion or shelter, an association that enhances the probability
of entering a new habitat with suitable food [83,84]. In the
context of nematode associations with invertebrate hosts,
most authors distinguish between phoretic and necromenic
associations [82,85]. The term ‘phoretic’ describes the
mostly unspecific and often short-lived association of dauer
larvae with a host for transportation between saprobiontic
environments as known from C. elegans [82]. In contrast,
‘necromenic’ means that the dauer larvae wait inside the
body of the host for the future cadaver to be decomposed,
indicating a more specific association [85].
A good example of necromenic associations of nematode
dauer larvae with invertebrates is P. pacificus, which lives in
association with scarab beetles and has been intensively
studied in recent years [86,87]. P. pacificus dauers are found
on the Oriental beetle Exomala orientalis in Japan and the
U.S., as well as on several scarab beetles of the genera
Oryctes, Amneidus, Maladera and Adoretus on La Re´union
island in the Indian Ocean. The P. pacificus dauer stage
seems to be specifically adapted to life in the beetle environ-
ment. P. pacificus and other Pristionchus species can recog-
nize and distinguish beetle cues and thereby find the correct
host species [88]. Interestingly, Pristionchus nematodes
show species-specific olfactory properties that allow the
recognition of beetle sex and aggregation pheromones. For
example, Pristionchus maupasi is specifically attracted to
phenol, an aggregation pheromone of the European cock-
chafer, onwhichP.maupasi is preferentially found [89]. Simi-
larly, P. pacificus is attracted to (Z)-7-tetradecen-2-one, the
sex pheromone of E. orientalis, whereas other Pristionchus
species are neutral or even repelled by this pheromone
[87]. Thus, some nematodes have evolved species-specific
olfactory responses towards their hosts.
Evolutionary theory would predict that the ecological
properties of dauer larvae are under strong selection.
Indeed, P. pacificus dauer larvae can survive for up to one
year under experimental conditions, whereas C. elegansdauers died much earlier under the
same circumstances [40]. The same
study has also shown that all of 16
tested strains of P. pacificus produce
a dauer pheromone. Surprisingly how-
ever, 13 of these 16 pheromonesinduce the highest rate of dauer formation in individuals of
other genotypes, rather than of their own genotype. This
cross-preference might point towards neutral evolutionary
processes or might be a sign of intraspecific competition,
a previously unconsidered aspect of dauer formation [40].
Theoretically, intraspecific competition could be an
example of an evolutionary arms race; although this needs
to be proven experimentally.
P. pacificus has well established genetic, genomic and
transgenic tools and has been intensively studied as a nema-
tode model in evo-devo [90]. Genetic and molecular studies
have revealed that certain aspects of dauer regulation are
conserved between P. pacificus and C. elegans [39]. In
both species, dauer larvae are formed in response to starva-
tion and high population density, involving a pheromone. The
nuclear hormone receptor DAF-12 was identified as a
conserved regulator of dauer formation [39]. Loss-of-func-
tion mutations in Ppa-daf-12 result in a Daf-d phenotype
and D4- and D7-DA strongly rescued P. pacificus daf-c
mutants, indicating that the DAF-12/DA endocrine module
is conserved in P. pacificus [39]. A second locus essential
for dauer formation in P. pacificus is Ppa-daf-16/FOXO
[91]. Mutations inPpa-daf-16 have a Daf-d phenotype similar
to Ppa-daf-12. However, Ppa-daf-16 is also required for
dauer morphogenesis and Ppa-daf-16 mutants arrest as
partial dauer larvae after dauer induction with lophenol.
Thus, DAF-12 and DAF-16 represent two conserved tran-
scriptional modules for the regulation of dauer formation in
P. pacificus and C. elegans, indicating strong molecular
conservation of phenotypic plasticity. It should be noted,
however, that the identification of the signaling pathways
involved in P. pacificus dauer regulation, and thus the
degree of evolutionary conservation of the signaling path-
ways controlling dauer formation, await future analysis.
Based on findings in other developmental processes, the
assumption that IGF and TGF-ß signaling are the key path-
ways in P. pacificus just as they are in C. elegans should
be taken with caution [92].
Evolution of Infective Juveniles and Parasitism
Parasitism of plants and animals has evolved at least seven
times independently within the nematodes [93]. In nearly all
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Figure 5. The Strongyloides life cycle as an
example of phenotypic plasticity in nematode
parasitism.
Members of the parasitic genus Strongyloides
have alternative direct or indirect life cycles.
This unique situation represents an example
for phenotypic plasticity between free-living
and parasitic life styles in nematodes.
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cycle that is more complex than the
one described above for C. elegans.
The evolution of parasitism from free-
living ancestors requires an important
novelty in life history, namely the devel-
opment of a stage that is able to recog-
nize, infest and survive in a presumptive
host species. Indeed, all nematode
parasites of plants and animals have
a specialized stage for infestation
called infective juveniles. These infec-
tive juveniles show striking morpholog-
ical similarities to the dauer larvae of
free-living species (Figure 2). For this
reason it has long been assumed that
dauer larvae represent an important
pre-adaptation towards parasitism [11,83–85]. Some recent
studies provide experimental support for this assumption.
First evidence was obtained in Strongyloides papillosus,
a parasite of sheep that can be cultured in rabbits in the
laboratory. S. papillosus has a direct (homogonic) and an
indirect (heterogonic) life cycle, which is typical for the
genus Strongyloides (Figure 5) [94]. In the heterogonic life
cycle, the progeny of the parthenogenetic parasitic female
develop into free-living males and females, which mate
to produce infective juveniles and then invade another
host. In the homogonic life cycle, the progeny of the para-
sitic female develop directly into infective juveniles (Fig-
ure 3). Thus, the two alternative life cycles of Strongyloides
species represent another example of phenotypic plasticity
in nematodes.
The conservation of the DA/DAF-12 endocrine signaling
module betweenC. elegans and P. pacificus dauer formation
has encouraged similar studies in parasitic nematodes.
Indeed, it could be shown that D7-DA, but not D4-DA, is
able to block IJ formation in both the homogonic and the
heterogonic cycle of S. papillosus [39]. Later, Wang et al.
[95] made similar observations with D7-DA in the related
species S. stercoralis, a parasite of humans, and in the
hookworm Ancylostoma caninum. These findings strongly
support a commonorigin ofdauer larvaeand infective juvenile
formation as related forms of phenotypic plasticity and they
identify DA and DAF-12 as potential pharmacological targets
in therapies against parasitic nematodes.
Finally, it should be noted that in all other cases of para-
sitism in nematodes (outside the genus Strongyloides) we
find obligate parasites, which lack phenotypic plasticity and
alternative life cycles. It is tempting to speculate that the
plasticity between alternative life cycles as described for
Strongyloides and related species represents an important
intermediate during the evolution of more complex parasitic
life styles. However, no other intermediates were foundamong the known extant nematode parasites, which make
it difficult to prove this hypothesis experimentally.
Phenotypic Plasticity and the Evolution of Novelty
Phenotypic plasticity is often considered to play a crucial
role in the generation of morphological novelty, a hypothesis
that has been put forward using the term ‘facilitator of
phenotypic evolution’ [2]. The shared genetic control of
dauer formation in free-living nematodes and infective juve-
nile formation in parasites as discussed above strongly
supports this hypothesis. Another example of phenotypic
plasticity is a dimorphism of mouth form, which is unique
for the genus Pristionchus and some related genera of the
Diplogastridae family [96,97]. P. pacificus worms are omniv-
orous feeders on bacteria, protozoa, fungi and nematodes
[96]. All these organisms are found to develop on decaying
beetle carcasses so that omnivorous feeding can be consid-
ered as a strong advantage for these necromenic nema-
todes. Accordingly, the mouth of P. pacificus is equipped
with versatile teeth-like denticles and it can assume two
forms, the so-called eurystomatous and stenostomatous
form (Figure 6) [98,99]. Eurystomatous worms are distin-
guished by a bigger claw-like dorsal left denticle and an extra
right ventral denticle that is not present in stenostomatous
animals. There are additional quantitative differences in the
shape of the buccal cavity in eurystomatous worms. The
cavity is shallow and broad, whereas in stenostomatous
worms it is narrower and deeper. The mouth morphology
of an individual nematode is irreversible once it has been
determined and executed during larval development.
Selection line experiments of stenostomatous and eurys-
tomatous worms over several generations have indicated
that the development of the mouth form is phenotypically
plastic [96]. This novel morphological feeding structure in
P. pacificus thus represents another example of phenotypic
plasticity in nematodes.
Figure 6. Mouth dimorphism in Pristionchus
pacificus as an example of phenotypic plas-
ticity.
The buccal cavity of P. pacificus and related
nematodes can occur in two forms. The
eurystomatous form (right) has a claw-like
denticle and an extra ventral denticle (arrow),
the latter being absent in stenostomatous
(left) animals.
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mouth-form decision, with starvation showing one of the
strongest effects [96]. Starvation is also involved in the regu-
lation of dauer formation in P. pacificus and genetic experi-
ments have shown that dauer and mouth form formation
are regulated by similar molecular mechanisms. Specifically,
the mouth-form decision is influenced by mutations in Ppa-
daf-12 and application of DA. These experiments indicate
that DAF-12/DA endocrine signaling was co-opted for
a new function during nematode evolution [96]. While dauer
and mouth-form formation share some parts of their regula-
tory cascade, other factors only control one phenotype.
Mutations in the FOXO transcription factor Ppa-daf-16 result
in strong Daf-d mutants (see above), but do not affect the
mouth-form dimorphism [91]. Thus, the two key transcrip-
tional regulators of nematode dauer formation, DAF-12/
NHR and DAF-16/FOXO, were either independently co-
opted (DAF-12) or subsequently lost (DAF-16) by the
mouth-form regulatory network [91].
Evolutionary Implications and Outlook
We have described three examples of phenotypic plasticity
in nematodes that indicate the unexpected conservation of
an endocrine signaling mechanism involving the steroid
hormone DA. It has long been known from studies in insects
that hormones are particularly sensitive to environmental
changes and can couple information obtained from the
environment with the genetic regulatory network of the
organism [100]. Therefore, the conservation and co-option
of DA/DAF-12 signaling for the evolution of infective juveniles
in nematode parasitism and the evolution of a new mouth
form in P. pacificus might indicate a central role of this
hormone-signaling module for the facilitation of phenotypic
evolution. The conservation of an endocrine signaling
module provides a logical explanation for genotype-environ-
mental interactions as originally proposed in insects and
mammals [100,101]. The fact that nematodes share this
principle might indicate that major branches of the animal
kingdom rely on related mechanisms of information flow.
Some of these findings might also represent stepping-
stones towards the solution of the remainingmajormysteries
of phenotypic plasticity as facilitator of phenotypic evolution.
Are expressions of phenotypic plasticity evolutionary inter-
mediates that lead to innovations and novel structures over
longer evolutionary time scales? Do they provide a play-
ground for morphological diversification? Is genetic fixationof plastic traits a common mechanism
to couple environmental information
with the genetic system of the
organism? If so, what are themolecular
genetic mechanisms involved in these
evolutionary transitions? It is currently
unclear if phenotypic plasticity canreally promote evolutionary novelty and it will be a major
challenge to identify the genetic and molecular basis of
such processes. A successful case study must fulfill
a number of requirements to prove the ‘facilitation’ concept.
First, the genetic and developmental basis of the trait must
be known so that the molecular mechanisms can be investi-
gated, like in the cases described above for nematodes.
Second, natural variation among populations and variability
between closely related species should exist for the plastic
trait under investigation. Ideally, some populations should
show a fixation of one of the traits and related species should
differ in morphology and function. Third, a robust molecular
phylogenetic framework must exist to support the direction-
ality of evolutionary change. Nematodes might represent an
ideal system for such investigations as they represent
a specious group with numerous well-defined molecular
phylogenies. In some cases, character evolution has re-
sulted in evolutionary lineages that allow the investigation
of phenotypic plasticity and its consequences in multiple
extant species [97]. For example, the availability of nearly
30 Pristionchus species and more than 400 P. pacificus
strains allows a detailed investigation of the ‘evolutionary
fate’ of themouth denticles and feeding preferences of these
nematodes. Such studies might have the power to provide
evidence for the ‘facilitator of phenotypic evolution’ concept
in the future.
Acknowledgments
The authors apologize to those researchers whose work has not been
cited due to space restrictions. We thank R. Rae, M. Riebesell and
A. Streit for critically reading the manuscript and members of the lab
for long-lasting discussions on nematode evolution, development
and ecology.
References
1. Schlichting, C.D., and Pigliucci, M. (1998). Phenotypic Evolution: A Reac-
tion Norm Perspective (Sunderland, MA: Sinauer Associates).
2. West-Eberhard, M.J. (2003). Developmental Plasticity and Evolution,
(New York: Oxford University Press).
3. Beldade, P., and Brakefield, P.M. (2002). Developmental constraints versus
flexibility in morphological evolution. Nature 416, 844–847.
4. Moczek, A.P., and Nijhout, H.F. (2003). Trade-offs during the development
of primary and secondary sexual traits in a horned beetle. Am. Nat. 163,
184–189.
5. Streit, A. (2008). Reproduction in Strongyloides (Nematoda): a life between
sex and parthenogenesis. Parasitology 135, 285–294.
6. Whitman, D.W., and Ananthakrishnan, T.N. (2009). Phenotypic Plasticity of
Insects (New Hampshire, USA: Science Publishers).
7. Lambshead, P.J. (1993). Recent developments in marine benthic biodiver-
sity research. Oceanis 19, 5–24.
Special Issue
R7658. Lee, D.L., ed. (2002). The Biology of Nematodes (New York: Taylor and
Francis).
9. Floyd, R., Abebe, E., Papert, A., and Blaxter, M. (2002). Molecular barcodes
for soil nematode identification. Mol. Ecol. 11, 839–850.
10. WormBook (2005).
11. Dieterich, C., and Sommer, R.J. (2009). How to become a parasite - lessons
from the genomes of nematodes. Trends Genet. 25, 203–209.
12. Maupas, E. (1899). La mue et l’enkystement chez les ne´matodes. Arch.
Zool. Exp. 7, 563–628.
13. Fuchs, G. (1915). Die Naturgeschichte der Nematoden und einiger anderer
Parasiten. Zool. J. Syst. 38, 109–227.
14. Cassada, R.C., and Russell, R.L. (1975). The dauerlarva, a post-embryonic
developmental variant of the nematode Caenorhabditis elegans. Dev. Biol.
46, 326–342.
15. Riddle, D.L., and Albert, P.S. (1997). Genetic and environmental regulation
of dauer larva development. In C. elegans II, T.B.D.L Riddle, B.J. Meyer,
J.R. Priess, eds.
16. Golden, J.W., and Riddle, D.L. (1982). A pheromone influences larval devel-
opment in the nematode Caenorhabditis elegans. Science 218, 578–580.
17. Golden, J.W., and Riddle, D.L. (1984). The Caenorhabditis elegans dauer
larva: developmental effects of pheromone, food, and temperature. Dev.
Biol. 102, 368–378.
18. Klass, M., and Hirsh, D. (1976). Non-ageing developmental variant of
Caenorhabditis elegans. Nature 260, 523–525.
19. Anderson, G.L. (1978). Responses of dauer larvae of Caenorhabditis
elegans (Nematoda Rhabditidae) to thermal-stress and oxygen depriva-
tion. Can. J. Zool. 56, 1786–1791.
20. O’Riordan, V.B., and Burnell, A.M. (1990). Intermediary metabolism in the
dauer larva of the nematode Caenorhabditis elegans. 2. The glyoxylate
cycle and fatty-acid oxidation. Comp. Bioch. Phys. B.-Bioch. & Mol. Biol.
95, 125–130.
21. Wadsworth, W.G., and Riddle, D.L. (1989). Developmental regulation of
energy metabolism in Caenorhabditis elegans. Dev. Biol. 132, 167–173.
22. Holt, S.J., and Riddle, D.L. (2003). SAGE surveys C. elegans carbohydrate
metabolism: evidence for an anaerobic shift in the long-lived dauer larva.
Mech. Ageing Dev. 124, 779–800.
23. Jones, S.J., Riddle, D.L., Pouzyrev, A.T., Velculescu, V.E., Hillier, L., Eddy,
S.R., Stricklin, S.L., Baillie, D.L., Waterston, R., and Marra, M.A. (2001).
Changes in gene expression associated with developmental arrest and
longevity in Caenorhabditis elegans. Genome Res. 11, 1346–1352.
24. Wang, J., and Kim, S.K. (2003). Global analysis of dauer gene expression in
Caenorhabditis elegans. Development 130, 1621–1634.
25. Hallem, E.A., Dillman, A.R., Hong, A.V., Zhang, Y., Yano, J.M., DeMarco,
S.F., and Sternberg, P.W. (2011). A sensory code for host seeking in para-
sitic nematodes. Curr. Biol. 21, 377–383.
26. Angelo, G., and Van Gilst, M.R. (2009). Starvation protects germline stem
cells and extends reproductive longevity in C. elegans. Science 326,
954–957.
27. Baugh, L.R., and Sternberg, P.W. (2006). DAF-16/FOXO regulates tran-
scription of cki-1/Cip/Kip and repression of lin-4 during C. elegans L1
arrest. Curr. Biol. 16, 780–785.
28. Hu, P.J. (2007). Dauer. WormBook.
29. Bargmann, C.I., and Horvitz, H.R. (1991). Control of larval development
by chemosensory neurons in Caenorhabditis elegans. Science 251, 1243–
1246.
30. Albert, P.S., Brown, S.J., and Riddle, D.L. (1981). Sensory control of dauer
larva formation in Caenorhabditis elegans. J. Comp. Neurol. 198, 435–451.
31. Starich, T.A., Herman, R.K., Kari, C.K., Yeh,W.H., Schackwitz, W.S., Schuy-
ler, M.W., Collet, J., Thomas, J.H., and Riddle, D.L. (1995). Mutations
affecting the chemosensory neurons of Caenorhabditis elegans. Genetics
139, 171–188.
32. Butcher, R.A., Fujita, M., Schroeder, F.C., and Clardy, J. (2007). Small-
molecule pheromones that control dauer development in Caenorhabditis
elegans. Nat. Chem. Biol. 3, 420–422.
33. Butcher, R.A., Ragains, J.R., Kim, E., and Clardy, J. (2008). A potent dauer
pheromone component in Caenorhabditis elegans that acts synergistically
with other components. Proc. Nat.l Acad. Sci. USA 105, 14288–14292.
34. Jeong, P.Y., Jung, M., Yim, Y.H., Kim, H., Park, M., Hong, E., Lee, W., Kim,
Y.H., Kim, K., and Paik, Y.K. (2005). Chemical structure and biological
activity of the Caenorhabditis elegans dauer-inducing pheromone. Nature
433, 541–545.
35. Srinivasan, J., Kaplan, F., Ajredini, R., Zachariah, C., Alborn, H.T., Teal, P.E.,
Malik, R.U., Edison, A.S., Sternberg, P.W., and Schroeder, F.C. (2008).
A blend of small molecules regulates both mating and development in
Caenorhabditis elegans. Nature 454, 1115–1118.
36. Jezyk, P.F., and Fairbair, D. (1967). Ascarosides and ascaroside esters in
Ascaris lumbricoides (Nematoda). Comp. Biochem. Physiol. 23, 691–705.
37. Butcher, R.A., Ragains, J.R., Li, W., Ruvkun, G., Clardy, J., and Mak, H.Y.
(2009). Biosynthesis of the Caenorhabditis elegans dauer pheromone.
Proc. Natl. Acad. Sci. USA 106, 1875–1879.38. Kim, K., Sato, K., Shibuya, M., Zeiger, D.M., Butcher, R.A., Ragains, J.R.,
Clardy, J., Touhara, K., and Sengupta, P. (2009). Two chemoreceptors
mediate developmental effects of dauer pheromone in C. elegans. Science
326, 994–997.
39. Ogawa, A., Streit, A., Antebi, A., and Sommer, R.J. (2009). A conserved
endocrine mechanism controls the formation of dauer and infective larvae
in nematodes. Curr. Biol. 19, 67–71.
40. Mayer, M.G., and Sommer, R.J. (2011). Natural variation in Pristionchus
pacificus dauer formation reveals cross-preference rather than self-prefer-
ence of nematode dauer pheromones. Proc. Roy. Soc. B. 10.1098/
rspb.2010.2760.
41. Kimura, K.D., Tissenbaum, H.A., Liu, Y.X., and Ruvkun, G. (1997). daf-2, an
insulin receptor-like gene that regulates longevity and diapause in
Caenorhabditis elegans. Science 277, 942–946.
42. Morris, J.Z., Tissenbaum, H.A., and Ruvkun, G. (1996). A phosphatidylino-
sitol-3-OH kinase family member regulating longevity and diapause in
Caenorhabditis elegans. Nature 382, 536–539.
43. Gottlieb, S., and Ruvkun, G. (1994). Daf-2, Daf-16 and Daf-23-Genetically
Interacting Genes-Controlling Dauer Formation in Caenorhabditis elegans.
Genetics 137, 107–120.
44. Ren, P., Lim, C.S., Johnsen, R., Albert, P.S., Pilgrim, D., and Riddle, D.L.
(1996). Control of C. elegans larval development by neuronal expression
of a TGF-beta homolog. Science 274, 1389–1391.
45. Estevez, M., Attisano, L., Wrana, J.L., Albert, P.S., Massague, J., and
Riddle, D.L. (1993). The Daf-4 gene encodes a bone morphogenetic
protein-receptor controlling C. elegans dauer larva development. 365,
644–649.
46. Georgi, L.L., Albert, P.S., and Riddle, D.L. (1990). daf-1, a C. elegans gene
controlling dauer larva development, encodes a novel receptor protein
kinase. Cell 61, 635–645.
47. Riddle, D.L., Swanson, M.M., and Albert, P.S. (1981). Interacting genes in
nematode dauer larva formation. Nature 290, 668–671.
48. Li, W., Kennedy, S.G., and Ruvkun, G. (2003). daf-28 encodes a C. elegans
insulin superfamily member that is regulated by environmental cues and
acts in the DAF-2 signaling pathway. Genes Dev. 17, 844–858.
49. Inoue, T., and Thomas, J.H. (2000). Targets of TGF-beta signaling in
Caenorhabditis elegans dauer formation. Dev. Biol. 217, 192–204.
50. Patterson, G.I., Koweek, A., Wong, A., Liu, Y., and Ruvkun, G. (1997). The
DAF-3 Smad protein antagonizes TGF-beta-related receptor signaling in
the Caenorhabditis elegans dauer pathway. Genes Dev. 11, 2679–2690.
51. Ogg, S., Paradis, S., Gottlieb, S., Patterson, G.I., Lee, L., Tissenbaum, H.A.,
and Ruvkun, G. (1997). The Fork head transcription factor DAF-16 trans-
duces insulin-like metabolic and longevity signals in C. elegans. Nature
389, 994–999.
52. Paradis, S., and Ruvkun, G. (1998). Caenorhabditis elegans Akt/PKB
transduces insulin receptor-like signals from AGE-1 PI3 kinase to the
DAF-16 transcription factor. Genes Dev. 12, 2488–2498.
53. Paradis, S., Ailion, M., Toker, A., Thomas, J.H., and Ruvkun, G. (1999).
A PDK1 homolog is necessary and sufficient to transduce AGE-1 PI3 kinase
signals that regulate diapause in Caenorhabditis elegans. Genes Dev. 13,
1438–1452.
54. Ogg, S., and Ruvkun, G. (1998). The C. elegans PTEN homolog, DAF-18,
acts in the insulin receptor-like metabolic signaling pathway. Mol. Cell 2,
887–893.
55. Lee, R.Y., Hench, J., and Ruvkun, G. (2001). Regulation of C. elegans
DAF-16 and its human ortholog FKHRL1 by the daf-2 insulin-like signaling
pathway. Curr. Biol. 11, 1950–1957.
56. Wolkow, C.A., Munoz, M.J., Riddle, D.L., and Ruvkun, G. (2002). Insulin
receptor substrate and p55 orthologous adaptor proteins function in the
Caenorhabditis elegans daf-2/insulin-like signaling pathway. J. Biol.
Chem. 277, 49591–49597.
57. Kops, G.J., de Ruiter, N.D., De Vries-Smits, A.M., Powell, D.R., Bos, J.L.,
and Burgering, B.M. (1999). Direct control of the Forkhead transcription
factor AFX by protein kinase B. Nature 398, 630–634.
58. Lin, K., Hsin, H., Libina, N., and Kenyon, C. (2001). Regulation of theCaeno-
rhabditis elegans longevity protein DAF-16 by insulin/IGF-1 and germline
signaling. Nat. Genet. 28, 139–145.
59. Hertweck,M., Gobel, C., and Baumeister, R. (2004).C. elegansSGK-1 is the
critical component in the Akt/PKB kinase complex to control stress
response and life span. Dev. Cell 6, 577–588.
60. Matyash, V., Entchev, E.V., Mende, F., Wilsch-Brauninger, M., Thiele, C.,
Schmidt, A.W., Knolker, H.J., Ward, S., and Kurzchalia, T.V. (2004).
Sterol-derived hormone(s) controls entry into diapause in Caenorhabditis
elegans by consecutive activation of DAF-12 and DAF-16. PLoS Biol. 2,
e280.
61. Vowels, J.J., and Thomas, J.H. (1992). Genetic analysis of chemosensory
control of dauer formation in Caenorhabditis elegans. Genetics 130,
105–123.
62. Kenyon, C., Chang, J., Gensch, E., Rudner, A., and Tabtiang, R. (1993).
A C. elegans mutant that lives twice as long as wild type. Nature 366,
461–464.
Current Biology Vol 21 No 18
R76663. Friedman, D.B., and Johnson, T.E. (1988). A mutation in the age-1 gene in
Caenorhabditis elegans lengthens life and reduces hermaphrodite fertility.
Genetics 118, 75–86.
64. Dorman, J.B., Albinder, B., Shroyer, T., and Kenyon, C. (1995). The age-1
and daf-2 genes function in a common pathway to control the lifespan of
Caenorhabditis elegans. Genetics 141, 1399–1406.
65. Antebi, A., Yeh, W.H., Tait, D., Hedgecock, E.M., and Riddle, D.L. (2000).
daf-12 encodes a nuclear receptor that regulates the dauer diapause and
developmental age in C. elegans. Genes Dev. 14, 1512–1527.
66. Gerisch, B., Weitzel, C., Kober-Eisermann, C., Rottiers, V., and Antebi, A.
(2001). A hormonal signaling pathway influencing C. elegans metabolism,
reproductive development, and life span. Dev. Cell 1, 841–851.
67. Motola, D.L., Cummins, C.L., Rottiers, V., Sharma, K.K., Li, T., Li, Y.,
Suino-Powell, K., Xu, H.E., Auchus, R.J., Antebi, A., et al. (2006). Identifica-
tion of ligands for DAF-12 that govern dauer formation and reproduction in
C. elegans. Cell 124, 1209–1223.
68. Antebi, A., Culotti, J.G., and Hedgecock, E.M. (1998). daf-12 regulates
developmental age and the dauer alternative in Caenorhabditis elegans.
Development 125, 1191–1205.
69. Thomas, J.H., Birnby, D.A., and Vowels, J.J. (1993). Evidence for parallel
processing of sensory information controlling dauer formation in
Caenorhabditis elegans. Genetics 134, 1105–1117.
70. Sharma, K.K., Wang, Z., Motola, D.L., Cummins, C.L., Mangelsdorf, D.J.,
and Auchus, R.J. (2009). Synthesis and activity of dafachronic acid ligands
for the C. elegans DAF-12 nuclear hormone receptor. Mol. Endocrinol. 23,
640–648.
71. Martin, R., Dabritz, F., Entchev, E.V., Kurzchalia, T.V., and Knolker, H.J.
(2008). Stereoselective synthesis of the hormonally active (25S)-delta7-
dafachronic acid, (25S)-Delta4-dafachronic acid, (25S)-dafachronic acid,
and (25S)-cholestenoic acid. Org. Biomol. Chem. 6, 4293–4295.
72. Li, J., Brown, G., Ailion, M., Lee, S., and Thomas, J.H. (2004). NCR-1 and
NCR-2, the C. elegans homologs of the human Niemann-Pick type C1
disease protein, function upstream of DAF-9 in the dauer formation path-
ways. Development 131, 5741–5752.
73. Dumas, K.J., Guo, C., Wang, X., Burkhart, K.B., Adams, E.J., Alam, H., and
Hu, P.J. (2010). Functional divergence of dafachronic acid pathways in the
control of C. elegans development and lifespan. Dev. Biol. 340, 605–612.
74. Patel, D.S., Fang, L.L., Svy, D.K., Ruvkun, G., and Li, W. (2008). Genetic
identification of HSD-1, a conserved steroidogenic enzyme that directs
larval development in Caenorhabditis elegans. Development 135, 2239–
2249.
75. Rottiers, V., Motola, D.L., Gerisch, B., Cummins, C.L., Nishiwaki, K.,
Mangelsdorf, D.J., and Antebi, A. (2006). Hormonal control of C. elegans
dauer formation and life span by a Rieske-like oxygenase. Dev. Cell 10,
473–482.
76. Gerisch, B., and Antebi, A. (2004). Hormonal signals produced by DAF-9/
cytochrome P450 regulate C. elegans dauer diapause in response to envi-
ronmental cues. Development 131, 1765–1776.
77. Jia, K., Albert, P.S., and Riddle, D.L. (2002). DAF-9, a cytochrome P450
regulatingC. elegans larval development and adult longevity. Development
129, 221–231.
78. Mak, H.Y., and Ruvkun, G. (2004). Intercellular signaling of reproductive
development by the C. elegans DAF-9 cytochrome P450. Development
131, 1777–1786.
79. Albert, P.S., and Riddle, D.L. (1988). Mutants of Caenorhabditis elegans
that form dauer-like larvae. Dev. Biol. 126, 270–293.
80. Barriere, A., and Felix, M.A. (2005). High local genetic diversity and low
outcrossing rate in Caenorhabditis elegans natural populations. Curr.
Biol. 15, 1176–1184.
81. Weller, A., Mayer, W., Rae, R., and Sommer, R.J. (2010). Quantitative
assessment of the nematode fauna present on Geotrupes dung beetles
reveals species-rich communitieswith a heterogenousdistribution. J. Para-
sitol. 96, 525–531.
82. Sudhaus,W. (2010). Preadaptive plateau in Rhabditida (Nematoda) allowed
the repeated evolution of zooparasites, with and outlook on evolution of life
cycles within Spiroascarida evolution of zooparasites. Palaeodiversity 3,
117–130.
83. Osche, G. (1956). Die Pra¨adaptation freilebender Nematoden an den
Parasitismus. Zoologischer Anzeiger 19 (Suppl. ), 391–396.
84. Poinar, G.O. (1983). The Natural History of Nematodes (New Jersey:
Prentice-Hall).
85. Poulin, R. (2007). Evolutionary Ecology of Parasites, 2nd Edition (Princeton:
Princeton University Press).
86. Herrmann, M., Kienle, S., Rochat, J., Mayer, W., and Sommer, R.J. (2010).
Haplotype diversity of the nematode Pristionchus pacificus on Re´union in
the Indian Ocean suggests multiple independent invasions. Biol. J. Linn.
Soc. 100, 170–179.
87. Herrmann, M., Mayer, W.E., Hong, R.L., Kienle, S., Minasaki, R., and
Sommer, R.J. (2007). The nematode Pristionchus pacificus (Nematoda:
Diplogastridae) is associated with the Oriental beetle Exomala orientalis
(Coleoptera: Scarabaeidae) in Japan. Zoolog. Sci. 24, 883–889.88. Hong, R.L., and Sommer, R.J. (2006). Chemoattraction in Pristionchus
nematodes and implication for insect host recognition. Curr. Biol. 16,
2359–2365.
89. Hong, R.L., Svatos, A., Herrmann, M., and Sommer, R.J. (2008). The
species-specific recognition of beetle cues by Pristionchus maupasi.
Evol. Dev. 10, 273–279.
90. Sommer, R.J. (2009). The future of evo-devo: model systems and evolu-
tionary theory. Nat. Rev. Genet. 10, 416–422.
91. Ogawa, A., Bento, G., Bartelmes,G., Dieterich, C., and Sommer, R.J. (2011).
Pristionchus pacificus daf-16/FOXO regulates dauer formation but not
mouth form dimorphism. Development 138, 1281–1284.
92. Tian, H., Schlager, B., Xiao, H., and Sommer, R.J. (2008). Wnt signaling
induces vulva development in the nematode Pristionchus pacificus. Curr.
Biol. 18, 142–146.
93. Blaxter, M.L., De Ley, P., Garey, J.R., Liu, L.X., Scheldeman, P., Vierstraete,
A., Vanfleteren, J.R., Mackey, L.Y., Dorris, M., Frisse, L.M., et al. (1998).
A molecular evolutionary framework for the phylum Nematoda. Nature
392, 71–75.
94. Nemetschke, L., Eberhardt, A.G., Hertzberg, H., and Streit, A. (2010).
Genetics, chromatin diminution and sex chromosome evolution in the para-
sitic nematode genus Strongyloides. Curr. Biol. 20, 1687–1696.
95. Wang, Z., Zhou, X.E., Motola, D.L., Gao, X., Suino-Powell, K., Conneely, A.,
Ogata, C., Sharma, K.K., Auchus, R.J., Lok, J.B., et al. (2009). Identification
of the nuclear receptor DAF-12 as a therapeutic target in parasitic nema-
todes. Proc. Natl. Acad. Sci. USA 106, 9138–9143.
96. Bento, G., Ogawa, A., and Sommer, R.J. (2010). Co-option of the hormone-
signalling module dafachronic acid-DAF-12 in nematode evolution. Nature
466, 494–497.
97. Kiontke, K.C., and Fitch, D.H.A. (2010). Phenotypic plasticity: different teeth
for different feasts. Curr. Biol. 20, R710–R712.
98. Fu¨rst von Lieven, A.a.S., W. (2000). Comparative and functional
morphology of the buccal cavity of Diplogastrina (Nematoda) and a first
outline of the phylogeny of this taxon. J. Zool. Syst. Evol. Res 38, 37–63.
99. Hirschmann, H. (1951). U¨ber das Vorkommen zweier Mundho¨hlentypen bei
Diplogaster lheritieri Maupas und Diplogaster biformis n.sp. und die
Entstehung dieser hermaphroditischen Art aus Diplogaster lheritieri.
Zool. Jahrb. 80, 132–170.
100. Nijhout, H.F. (1994). Insect Hormones (Princeton University Press).
101. Gilbert, S.F., and Epel, D. (2009). Ecological Developmental Biology:
IntegratingEpigenetics,Medicine, andEvolution (Sunderland,MA:Sinauer).
